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Abstract
Solar thermal energy technology has become a successful part of today’s world’s energy supply.
It is a growing field with new applications and better equipment designs every year. High-performance
solar heating depends on improved coatings that are designed to maximize absorption and minimize
reflection of the sun’s radiant heat. Solar absorber coatings for applications such as solar domestic water
heating are already available; however the cost and energy efficiency can be improved.

This

improvement can be made by minimizing cost if solar absorber coatings can be applied to steel at low
cost. The work conducted in this thesis research was intended to improve the phosphoric acid base
coating which was produced by Bhargava Reddy Vantari and Dr. Roy Arrowood in 2007 at the
University of Texas at El Paso [8] and shown to improve the solar heat absorption performance of a steel
surface. The improvement was achieved by adding additional elements (copper or zinc) to the
phosphoric acid based solution, which was used to coat the steel surface. Vantari and Arrowood [8]
devised a new and very simple test method for preliminary comparison of the heat absorption
performance of different solar absorber coatings. In the present thesis research, that method was then
enhanced and used to compare the solar heat absorption performance of the improved coatings.
Compared to the bare steel surface, the un-doped, coated sample absorbed solar heat 56% more rapidly.
The zinc-doped, coated sample absorbed heat 70% more rapidly than the bare steel, and the copperdoped, coated sample absorbed heat 83% faster than bare steel. After application and solar testing, the
coatings were characterized by different analyses which include; Scanning Electron Microscopy (SEM),
X-Ray Diffraction (XRD) and Electron Dispersive X-Ray Spectroscopy (EDS).
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Chapter 1: Introduction

In future years, it is predicted that the importance of renewable energy resources will continue to
increase.

Fossil fuels are known to contribute to the greenhouse effect. As a result, energy from fossil

fuels may be directly affecting global warming, which is thought to be caused or aggravated by
excessive pollution of the atmosphere with carbon dioxide, chlorofluorocarbons and sulfur dioxide
emissions [1]. Also, supplies of fossil fuels are abundant, but not unlimited. Therefore, there is ongoing
search striving for inexpensive, environmentally friendly, and sustainable energy sources such as the use
of sunlight, either by converting it to electricity (by the use of photovoltaic solar cells), or by collecting
the energy of sunlight in the form of heat. The methods of collecting and using solar energy in the form
of heat are called solar thermal technology, or direct solar heating. The research reported in this thesis
dealt with one aspect of solar thermal technology: improving solar heat collectors by applying
performance-enhancing coatings to the collector materials.
The idea for being able to use solar rays to produce energy is very attractive, as research shows
that on a typical sunny day the sun can deliver up to 1,000 watts of energy per square meter of the
earth’s surface from its rays [3]. By using this natural “free” source we could be able to power many
things such as our homes and even as already being used, our cars. As time progresses and with much
research being conducted it can be said that we are getting close to using such energy on a daily basis
and the attempt is to so do by making it more cost effective. An alternative way to use solar energy is by
the use of solar photovoltaic technology, which uses semiconductor devices (“solar cells”) to convert
energy from sunlight directly into electricity.

Solar photovoltaic systems are build up of many

components. There are four main items that are needed for the construction of one; these are, solar
modules, charge controllers, batteries and inverters. The way the system is put together is that the solar
modules are mounted by either one of the four module mounts, then the direct current power they
1

produce is wired through the charge controller and then it goes into the battery, where the current is
stored. The main function of the charge controller is that is serves as a communicator between the solar
module and the battery and that it prevents the battery to become over charged. The battery then stores
all the energy collected throughout the day for it to be used at night. The final step is then the inverter,
which takes the energy stored in the battery and inverts it to 120 to 240 volts that are used to run the AC
appliances. Figure 1.1 shows a diagram of how the different components within a system are connected
and function.

Figure 1.1- The different components within a photovoltaic solar energy system [6].

Photovoltaic technology has many advantages. The electricity produced by solar cells can be
used for many different purposes, such as to operate motors and electronic control and communication
systems, and even to drive heating equipment. Solar photovoltaic cells can be used in a wide range of
locations, including regions where the sky is often cloudy. This is due to the fact that batteries can store
the energy produced from the solar cells while the sky is sunny for the use during the night and on days
of overcast.

Likewise, in solar thermal technology, energy can be stored. It is stored in the form of
2

heat that is used to raise the temperature of heat storage materials when bright sunlight is available.
Solar thermal energy is very simple and inexpensive, compared to photovoltaics, when it is used for
heating purposes.
Presently solar thermal energy technology is a successful and growing asset to the world’s
energy supply. For example, rooftop solar collectors are used by many people to provide household hot
water. However, in order for solar energy to become more competitive with fossil fuels, the cost of using
and making solar equipment must be reduced. With this in mind, the energy efficiency of such
equipment must be high and the service lifetime will preferably be long. This scope of renewable energy
and solar cell technology comes with having in mind people in wealthy nations, who will only invest in
the solar thermal technology if tax incentives are offered. However, in the majority of the world, in the
less wealthy regions, people will not be able to adopt a solar technology. Therefore, it is important that
the energy efficiency of thermal equipment can be improved and its cost minimized. This can be done if
a method is devised so that high-efficiency solar absorber coatings can be applied to steel at a low cost.
In order for solar absorber coatings to be successful, they must follow certain expectations that
are crucial to their success. For example, one of the primary characteristics is that the coating must be
efficient at absorbing solar radiation from the visible and infrared parts of the solar spectrum. The
coating should also be able to minimize the re-radiation of infrared energy, in order for most of the
incoming solar heat to be transmitted to and through the steel. Another important aspect of the coating is
that it should be durable, meaning that cracking and detachment from the steel must not occur and the
coating must not loose its performance as a result of corrosion. A great consideration for the coatings is
whether they can be made out of relatively nonhazardous raw materials, preferably those that are widely
available and inexpensive; and also if the application of such coatings could be done by simple methods
and affordable equipment.

3

1.1

ADVANTAGES AND FUTURE ADVANCES
Solar energy comes with many advantages but the most important is the fact that solar energy is

a renewable energy and that is it a clean way to produce energy. This is very important as slowly, people
around the world attempt to make it more “green” technology more available and more popular.
However, the most important advantage is that solar energy works with sun rays, and the sun will
always be available, hence it can be said that solar energy is the ultimate renewable energy. Of course
there are seasons in which the intensity of the sun changes and the rays vary and solar energy will be
better in some locations that others, but the sun is always available. Another advantage of this new and
growing technology is that solar energy does not pollute (except in the manufacturing of the equipment)
and it does not emit green house gases into the atmosphere. Also, solar cells require very little or no
maintenance at all as these do not move and as a result solar equipment can be found to last a lifetime.
A draw back at using solar energy technology is that at first the installation of solar panels can
become expensive, but it is an investment that in the long run saves a considerable amount of money by
reducing the daily used and monthly paid bills. If solar energy is compared to other demanding daily
used energies provided by materials such as oil and coal, we can clearly see that these have become
more expensive with time as the supply of such is slowly decreasing and the demand increases. Both of
these materials as well as many others will eventually run out only causing the price of obtaining them
to go up. For this reason solar energy has become so important, because, although it requires an initial
costly investment to install the system (especially for photovoltaic solar cells) it comes with many
rewards as the sun’s rays are “free”.
Another important concept to consider is insolation, which is defined as the measurement of the
available energy we have from the sun rays. Insolation is sometimes expressed as “full sun hours”. Full
sun hours are equivalent to the hours of sunlight available. For example 4 full sun hours is equivalent to
4

4 hours of sunlight in reference to a irradiance level of 100 watts per square meter [6]. Different parts of
the world receive more sunlight than others, and the case is the same within the United States itself.
Figure 1.2 shows a map of the U.S. in which you can see and get a general idea of the “full sun hours”
per year, depending on your location. This map is known as a Solar Insolation Zone Map.

Figure 1.2- Solar Isolation Zone Map[6].

The future of solar energy and solar panel technology looks very promising as the cost of other
forms of energy become more expensive. To the present day, research has produced many methods for
the production of solar power by the sun rays, but research has not yet reached a good answer as to how
to obtain energy when the sun is not available. This situation, however, is slowly changing as scientists
and engineers come up with ways of storing energy for solar electricity. As technology advances so
does the use of solar energy technologies, which is nearly doubling each year [5]

5

Future advances in solar energy will require the use of solar power to be competitive to
conventional power generating technologies. The research described in this thesis was meant to advance
solar thermal technology by contributing to the development of inexpensive coatings which would
improve the capability of steel equipment to absorb solar heat efficiently. The idea is that, after this
work and further research, small indigenous businesses (in the towns and cities of less-developed
countries) would be able to apply absorber coatings to equipment that would be affordable for solar
heating and cooking in the surrounding regions.
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Chapter 2: Literature Review

In order to be successful in this thesis investigation, a background review of the previous and
ongoing developments was performed. It was necessary to investigate past work that is relevant to this
research. This chapter will review the descriptions of some past and current work being conducted in the
area of direct solar heating technology and solar absorber coatings.

2.1

BHRAGAVA REDDY VANTARI’S RESEARCH
Bhargava Reddy Vantari, graduate from The University of Texas at El Paso (UTEP), worked and

completed a master’s level project in fulfillment of the requirements for the degree Master of Science in
Metallurgy & Materials Engineering in the summer of 2007. Vantari’s project was titled “Preparation
and Testing of Solar Absorber Coatings” [8]. In this project, Vantari sought to find an inexpensive
method for coating plain carbon steel, in order to enhance the metal’s performance in effectively
absorbing and retaining heat energy from sunlight.

Vantari’s research, concentrated on

coating

development for less demanding applications. His focus was in reaching third world countries where
technology is not available and people don’t have the monetary capability to take advantage of
photovoltaic technology. Vantari then focused his research on finding a simple method to coat steel and,
in the process, he produced several different coatings to be used as absorbers on steel.
The coatings produced were acid based coatings, one with a sulfuric acid basis and another based
on phosphoric acid. In total, Vantari produced four different coatings; (1) sulfuric acid based process, (2)
phosphoric acid based process, (3) sulfuric coating heat treated to 400C and (4) phosphoric coating heat
treated to 400C. For the preparation of such coatings, he used both the sulfuric and phosphoric acid
based solutions to coat 1 x 0.5 x 0.125 inch coupons of 0.18% plain carbon steel, hot finished. The
application of the coatings was conducted by simple immersion of the steel in heated solutions.
7

The two solutions prepared by Vantari, varied not only in their composition but also in the
.complexity of preparation. The phosphoric acid based solution involved in preparation the following:
10 ml concentrated phosphoric acid, 10 ml distilled water, 1 M concentrated nitric acid and 2g MnSO4 .
The preparation of this coating was very simple and straight forward, as the solutions were added
carefully allowing for proper mixing and no harmful chemical reactions. However, the sulfuric acid
based solution involved more work. The sulfuric acid based solution involved in preparation the
following: 2g

MnO2 ,12.78g

FeSO47H2O, sulfuric acid stock solution and distilled water. The

complexity with this coating is that it had to be created by trial and error, the following concentrations
where used; 50%, 30%, 15%, 5% H2SO4 . The reason for this method is ferrite with Mn(+2) gives us the
desired coating, however, MnO2 does not dissolve in water. With out the complete dissolution the
formation of ferrite is not possible, therefore finding the right amount of water to be added is crucial.
With the 15% solution a fifth was created, and the amount of distilled water was doubled, keeping other
quantities unchanged; this allowed complete dissolution of MnO2+FeSO4.
After the coatings were created, they were characterized by the use of scanning electron
microscopy (SEM) and x-ray diffraction (XRD). The characterization began by analyzing the
microscopy of the bare steel sample as reference, with an unetched surface for a low carbon steel. The
magnification of such analysis revealed a fairly uniform pattern of scratches by the last finishing step,
grinding with a grit silicon carbide paper [8]. This same finishing was applied to all coated samples for
the sake of comparison. As stated in Vantari’s report, the scratched surface would be expected to
improve adhesion of the coating, and improve sunlight absorption at off-normal incidence [8].
Upon analysis, the sulfuric acid process produced a smooth coating, however, once under SEM
analysis a wide open crack structure was revealed. From the analysis photos at a high magnification it is
noted a needle like structure and the grains show a more equiaxed shape. In comparison to the
phosphoric acid process, these images from the SEM revealed a needle like structure, yet this was

8

evident at a very low magnification as opposed to the high magnification required in the sulfuric acid
based process. Again comparing it to the sulfuric acid process, this coating’s structure seems to be good
for reducing reflection form sunlight from the surface, however it appears to be a fragile structure that
would not be resistant to wear [8].
After characterization, the last step in Vantari’s research was solar absorbance testing. He was
able to measure this using an Omega HH12 two-channel thermocouple instrument with type K
thermocouples. The set up of this solar performance test consisted of 5 x 3 x 0.75 inch foam board with
two 0.125 inch deep strips used to accommodate the samples and aluminum foil for the top board, to
serve as a sunlight reflector (reflecting solar radiation) and increase the solar absorbance of the steel
samples. Two samples were tested simultaneously and uncoated sample which served as a reference
point and the coated sample. From the solar absorbance test and after calculations, Vantari produced a
table showing the solar performance ratios of each of the four coatings produced. The first two coatings
tested were the sulfuric acid based process coatings giving a performance ratio of 1.23 before heating
and 1.18 after heating [8]. In comparison to the phosphoric acid based process solutions, these gave
ratios of 1.31 before heating and 1.30 before heating [8].
The completion of this project proved that it is in fact possible to apply solar absorber coatings to
mild steel by simple immersion in sulfuric and phosphoric acid based solutions. In comparison of the
two processes as far as the preparation of the solution, the characterization results and the solar
performance test ratios, it is evident that the phosphoric acid based solution process is more promising.
This process in Vantari’s research showed to have a better solar performance than the sulfur coating by
being able to heat up 30% faster than bare steel [8]. This we can see from the solar absorbance ratio of
1.30 to 1.31, in which decrease after exposure to heat was very small, while the sulfur process had a
ratio of 1.23 to 1.18.

9

2.2

THE COMPLEXITIES OF SOLAR TESTING
In May of 2010, Paul G. Schreier wrote an article titled “The Complexities of Solar Collector

Testing” in which he discusses why these test are complicated to conduct. Schreier, also explains what
exactly is involved in testing solar collectors by his findings on the visit he conducted at the
Solartechnik Prufung Forschung (SPF Institute) at The University of Applied Sciences in Rapperswil
(HSR) in Switzerland. This institute certifies panels to the Solar Rating and Certification Corporation
(SRCC) standards and international equivalents to ISO.
Most large ticket items have ratings like miles/gallons in a car or an energy guide label in house
hold appliances. When it comes to designing for example a solar heating system, there are similar
parameters to help compare solar collectors, yet performing tests to get these values is complicated [7].
Besides this, one must also consider the cost of the system, as it becomes a key component when
seeking certification from SRCC. The SRCC only provides operating guidelines, test methods,
minimum standards and methods for rating that laboratories use in order to achieve SRCC certification.
The result of testing solar collectors is a set of parameters describing the collector performance
under different conditions. The effective yield of a solar collector depends on many factors such as;
location, ambient temperatures, local topography, energetic quality of the building, number of hours of
sunlight, and the direction and angle that the collector is mounted on.
A critical aspect of solar collectors is the choice of materials for the various components as well
as their physical arrangement. Therefore when considering coatings that collect and transfer heat, we
must look at the following; they can be very expensive and very high in quality. The need to have a high
absorption factor and that a low emission factor is desired but more difficult to achieve. Even though a
wide varied use of materials and methods are used to come up with panels best suited for specific
applications, they might undergo the same testing procedures and are seeking the same bases in results.
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When it comes to testing, matters are complicated since the tests must be conducted under very
exacting conditions. The key parameters being measured are efficiency curve, heat capacity, which tells
us the amount of heat needed to provide a change in temperature by one degree; and the incident angle
modifier values, which provide performance factors so that the output solar energy can be calculated
when the light is not perpendicular to the collector. Such values are then inputted to simulation software
that helps to determine the suitability of a given collector for a specific building or application [7].
It is important to know that a collector provides the most power when the ambient temperature
and average temperature are the same and there are no thermal losses. When considering efficiency, the
relative curve varies with factors such as; absorber coating thickness, material connection within the
absorber plate and the geometric layout of the solar panel. It is important to also note the heat
transmission coefficient when looking at thermal losses because, the higher its value, the more losses a
collector has.
In Paul G. Schreier’s article, it is evident that solar absorbance testing is a very complicated
process in which it is very difficult to obtain accurate results. This is mostly since many of the
parameters of interest in solar absorbance testing are controlled by nature.

2.3

SOLAR ABSORBER COATINGS BASED ON COCUMNOX SPINELS
A review of the already existing acceptable solar absorber coatings available for solar domestic

water heating was conducted by the findings of J. Vince from the National Institute of Chemistry in
Slovenia [8]. Phosphoric-acid-anodized coatings are applied to aluminum and as an example of the high
performance and high tech coating system, there is the work of Vincent. Vincent used the CoCuMnOx
system that was produced by sol-gel technology.
In 2002, J. Vincent published his work, in collaboration with others, in a journal and titled his
work “Solar absorber coatings based on CoCuMnOx spinels prepared via the sol-gel process: structural
11

and optical properties”. Vincent explains that metals have the lowest thermal emittance values, it is for
this reason that solar absorber coatings are prepared on metal samples, usually aluminum or copper.
Aluminum and copper are used since they have high thermal conductivity and are corrosion resistant.
Vincent explains that his published material reports on the preparation and optical properties-the solar
absorbance and thermal emittance of CoCuMnOx spinel filsm with an enhanced spectral selectivity and
a better abrasion resistance with respect to the films investigated previously to his work [9].
The coating methods used by Vincent are in part the basis in Vantari’s work, and as such this
thesis work as well. Vincent used what he refers to as a dip-coating deposition, in which the solution, is
first heated and then the aluminum substrates are dip-coated with this solution. This is a very similar
method of coating that was used in this thesis work, which will be discussed in the next chapter. After
characterization and testing of solar absorbance and thermal emittance, Vincent concluded that the
CoCuMnOx films successfully fulfill the basic demands for low emittance coatings. He explains that his
coatings produced a relatively low intensity, as well as high transmittance, which varies depending on
the coating thickness; and that this leads to the coatings having a low thermal emittance. Finally,
Vincent also concluded that the stability of the sol gel and the optical properties of the deposited
CoCuMnOx films make them promising candidates for solar absorber coatings, for high performance
solar collector systems [9]. Based on his findings and Vantari’s new coatings applied on steel, this thesis
work continued with the already successful methods and applications, however, changing and enhancing
the coatings produced by Vantari.

2.4

SOLAR TECHNOLOGY IN THIRD WORLD COUNTRIES
Bhargava Vantari, in his graduation project as mentioned in section 3.1, sought solar absorbance

coatings and methods that could be used in small business or

third world country applications.

Therefore, a literature review of the existing and ongoing developments in third world countries was
12

necessary. This section covers a brief explanation of the history of the development of solar technology
from as early as 1872 to present day.

2.4.1

Solar Energy in Developing Countries

As early as 1872, the beginning of solar technology was introduced. In this year, a water
distillation plant was built and considered to be the first mayor solar energy installation. The developing
country that built this water distillation plan was Chile and was a collaboration between J. Harding and
Charles Wilson. This distillation plant operated for approximately 40 years and produced about 23,000
liters of water a day from salt water [10].
By 1878, Mr. W. Adams from India, published a book on his inventions and experiments with
solar energy. One of his inventions included a solar engine that had a 12’’ diameter mirror and was
covered with sheets of silvered glass on the inside. Adams also invented a boiler that was capable of
producing and operating a steam of 2kW. Alongside he constructed a solar cooker that was made up of a
box lined up with a silver glass and focused the solar radiation through a cylinder jar into the food
container [10].
In 1912, American Frank Schuman and the C.V. Boys built a water pumping plant in Egypt. At
that point in time this was to be the largest solar water pumping plant that ran by a set of large cylinder
reflectors, and focused the light from the sun to an absorbing tube. This plant had an engine that worked
at for 5 hours on 37-45kW [10], which pumped the water from the Nile River to the fields. However,
after solar technology kept developing and energy sources became more affordable, the plant was
discontinued in 1915 after WWI.
From 1956 to 1961 a lot of changes in solar technology took place, the biggest one was in 1957,
when the first issue of the journal of solar energy science and engineering was released [10]. Some of
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the most known publications and scientist in developing countries include; (1) Solar Absorption
refrigeration, I.C.V. Chinnappa (Ceylon), (2) Solar refrigeration and air conditioning. Space heating,
I.C. Kapur, (India), (3)Solar heating of vegetable oil, M.L. Khanna, India, (4) Socio-Economic
considerations in solar energy utilization in developing countries, I.C. Kapur, India.and (5) Solar
Cookers, F. Batlhi, (Bruma).

2.4.2

Barefoot College

As solar thermal technology emerged in developing countries as described in the previous
section, a project called the Barefoot College was developed and established between the late 1960’s and
early 1980’s, and currently still runs in India. This project began with a group of individuals in India,
who saw the need to look for alternative ways of living, thinking and looking for rural solutions [11].
They began this project by living in villages with people and learning things from their point of views
and understanding.
The project grew considerably by the 1970’s as more professionals joined and as such different
ideologies came to play. As the organization grew a name was established and it became known as the
Social Work and Research Centre (SWRC) to which in now more popularly known as the Barefoot
College [11]. The beginning goal of the barefoot college was to attract young people and professionals
to work in communities that were undergoing a development process. All of the participants were males
whose focus was to find the needs of village communities and improve their quality of life as well as
their standard of living.
However, as more professionals got involved, soon after their contribution to the Barefoot
College, many of them left the project as a result of having opportunities to seek better jobs. Therefore,
by the 1980’s, Barefoot College changed its scope and adopted a new approach that concentrated on
understanding social work and the development used by the village people, rather than to bring them
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new and outside knowledge [11]. The organization then worked only for the poor and targeted people in
villages and tribes.
From this change in approach to present day, Barefoot College in India has found solutions
concerning solar energy, water, education, live hood and activism. In solar solutions, this college has
used the sun’s energy to help those communities in four different areas of village life; (1) solar
electrification of more than 1000 villages, (2) available hot water, (3) solar cookers and (4) fresh
drinking water provided by solar powered distillation [12]. No use of solar absorbance coatings in this
organization has yet to be reported, however for the purpose and basis of this thesis work, it is important
to know that some developing countries presently work with solar technology.
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Chapter 3: Experimental Methods and Materials

This chapter of the thesis will describe the materials used and the experimental procedures. The
methods were based on the preliminary, unpublished research of Vantari and Arrowood [8]. New
features in the research for the present thesis included (1) addition of copper or zinc to the solutions, in
order to “dope” the coatings with those elements, and (2) refinement of their new test method for
comparing solar heating performance of various coatings.

3.1

STEEL SUBSTRATE SPECIMENS
For the application of thecoatings small scale steel samples were used. The steel was a hot-

finished, plain carbon 1018 steel strip with 1/8 inch thickness and 1/2 inch width. The steel strip was cut
to individual samples one inchlong. Prior to submitting the samples to coating application, their surface
was prepared by a grinding method, starting with an 80 grit silicon carbide sandpaper. Following the 80
sandpaper, the 240 and 320 sandpapers were used, and the cleaning ended with the 400 grit sandpaper.
This cleaning was conducted in order to remove any existing oxide from the surface and to provide a
reproducible surface finish prior to coating application.

Figure 3.1: 1018 Steel samples used for application of the coatings.

16

3.2

COATING APPLICATION METHOD
The coating application method used, following Vantari’s research, was a simple immersion

procedure. The apparatus consisted of a hot plate with a temperature probe and closed-loop temperature
control (± 1° C), a 600 ml borosilicate glass beaker partially filled with water, and one to four
borosilicate glass test tubes containing the prepared solution for coating.

Each test tube was the

reaction vessel for one of the steel samples to be coated. After the solution was created, the samples are
coated by immersion into a test tube containing the solution that had been previously heated up.
First the solution would be held in the test tubes, in the water bath, and heated up to the specified
temperature of 90°C. This was done by placing the test tube in a beaker containing water and then
placing the beaker on the thermostatically-controlled hot plate. Upon reaching the specified temperature,
the steel samples would then be immersed into a test tube individually. The samples were placed in a
way that there would be enough solution to cover the entire sample, and the solution had access to all
surfaces of the steel. The sample was allowed to stay under immersion for a desired time in order to
allow for the solution to react with the steel and form a conversion coating.

Figure 3.2: Coating Application Experimental Set Up. For clarity, only a single test tube is shown, and
there is no solution in the test tube or water in the water bath. In the experiments, there
were sometimes several test tubes, each with one steel sample.
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Samples were coated for three different duration times; 30, 60 or 90 minutes. The reason behind
using different coating duration times was to do a comparison between coating thickness and determine
which would provide the best solar performance and characterization of such. The composition of the
coating first began by a recreation of Vantari’s work and then modifications where made to enhance the
performance and expand on his researcch. The following section will discuss this in detal.

3.3

SOLUTION COMPOSITION AND PREPARATION
As mentioned in the section above, the experimental work initially began by a recreation of

Vantari’s phosphorous based coating. The solution was composed of 10 ml of concentrated phosphoric
acid, 90 ml of distilled water, 1 ml of concentrated nitric acid, and 2.00 g of manganese sulfate
(MnSO4•H2O). All acids and salts were reagent grade chemicals. First the phosphoric acid was added
gradually into the water, in order to prevent the water from getting too hot, and at the same time the
mixture was stirred constantly. After this was mixed, the nitric acid was added in the same manner and
finally the manganese sulfate was dissolved into the solution.
After the solution was completed and brought to temperature, coating began by the method
described above. It was important to begin by replicating the solution and procedure from Vantari’s
work, as it was the basis of this thesis work. Several trials were made before being successful in
recreating Vantari’s coating. During the first trial after 20 minutes of coating, I noticed a change in the
appearance of the solution that was not expected. A gelatinous precipitate started to form and the
solution took on a dark color. The solution appeared to be eating through the steel at a very high rate. At
the same time white flakes formed in the liquid and floated to the surface of the solution inside the test
tube. These observations were very different from anything seen in Vantari’s coating experiments, so we
suspected that his reported procedure was incomplete or contained a typographical error. It seemed that
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the replication was not successful because the acid manganese solution was reacting too rapidly with the
steel, and the reactions were proceeding so far that the solution chemistry was changing dramatically.
There were two ways to explain this discrepancy between the original experiment and the attempt to
replicate it. One possibility was that Vantari had actually used a temperature lower than 90° C. Another
possibility was that the phosphoric acid manganese solution had been diluted before use in Vantari’s
work. To test the first explanation, for the second trial a temperature of 70°C was used. However, this
was also unsuccessful as the gelatinous precipitation and white flakes still occurred, but at a slower rate
since the temperature was decreased. Figure 3.3 shows the appearance of the reaction products after
these two attempted replications.

Figure 3.3: Precipitation and excessive chemical reaction during initial coating trials.

After the two unsuccessfulreplication attempts, it was decided to go about diluting the solution
2:1, using two parts water, 1 part solution by volume. The dilution was made so that the volume of the
solution in each test tube became greater. By this dilution, the coating process was then successful in the
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third and fourth trials. The replication of Vantari’s best coating was apparent by visual inspection, and it
was later confirmed by x-ray diffraction and microscopic characterization, which will be discussed
further in the next chapter.

Figure 3.4: Successful coating, as produced in trials 3 and 4.

Then, different coating times (treatment durations) were tried and by characterization and solar
performance of the initially coated samples, it was determined that the preferred reaction time at 90° C
was 60 minutes. After this recreation of Vantari’s work was successful, ways to enhance the solution for
a better solar performance of the coating were explored. Two different treatments were made to which
90 percent of the manganese sulfate was kept in the solution and the other 10 percent was replaced by
dopants. The first substitution was the use of zinc sulfate (ZnSO4•7H2O), which after molar calculation
and balances, the solution changed by containing 1.80g of manganese sulfate instead of the original 2.00
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g. The solution was then recreated using the same amount of the acids and distilled water, however it
only contained 90 percent of the manganese sulfate. Then 0.33 grams of zinc sulfate were added and
mixed into the solution. The other solutions consisted of the same process, yet using copper sulfate
(CuSO4•5H2O). For copper sulfate, the amount used to substitute for 10 percent of the manganese sulfate
in the solution was calculated to be 0.295g. All the calculations and equations involved in order to
determine this substitution in the solution are shown below.
Treatment 1 à OriginalComposition: 𝑀𝑛!! 𝑆𝑂!!! •
•

Compound	
  mass	
  =	
  169.02	
  g/mol	
  

•

Molar	
  mass	
  =	
  

•

90%	
  𝑀𝑛!! 	
  =	
  (0.0118	
  mol)	
  ∗	
  (0.90)	
  =	
  0.01062	
  mol	
  𝑀𝑛!! 	
  =	
  1.80g	
  𝑀𝑛𝑆𝑂! 𝐻! O	
  

•

10%	
  𝑀𝑛!! 	
  =	
  (0.0118	
  mol)	
  ∗	
  (0.10)	
  =	
  0.00118	
  mol	
  𝑀𝑛!! 	
  

  !.!!  !  !"!"!•!!!!
!"".!!  !/!"#

	
  =	
  0.00722mol	
  	
  

Treatment 2 à Zinc Sulphate Doped : 𝑍𝑛!! 𝑆𝑂!!!    ∙    7𝐻!   𝑂
•

Substitution:	
  10%	
  Zinc	
  Sulphate	
  

•

Compound	
  mass	
  =	
  287.54	
  g/mol	
  

•

Needed	
  mass	
  =	
  (0.00118	
  mol)	
  *	
  (287.54	
  g/mol)	
  =	
  0.339	
  g	
  Zn𝑆𝑂! •7𝐻! O	
  

Treatment 3 à Copper Sulfate: 𝐶𝑢 !! 𝑆𝑂!!!    ∙    5𝐻!   𝑂
•

Substitution:	
  10%	
  Copper	
  Sulfate	
  

•

Compound	
  mass	
  =	
  249.68	
  g/mol	
  

•

Needed	
  mass	
  =	
  (0.	
  

•

00118	
  mol	
  𝑀𝑛!! )	
  *	
  (249.68	
  g/mol)	
  =	
  0.295	
  g	
  Zn𝑆𝑂! 7𝐻! O	
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3.4

COATING IDENTIFICATION
As different experiments where conducted for this thesis work, as well as the treatments

mentioned in the section above, a naming identification method was necessesary. The first set of
coatings is identified by PA one and two (PA1 and PA2). The beggining letter “P” is used to identify
them as phosphorous based coatings. PA1 is the first attempt to recreate Vantari’s coating. PA2 is the
application of the coating after heating simply applied to bare steel, for the purpose of conducting a trial
and error period of experimentation. Figure 3.5 shows both these coated steel samples. It is evident
from the photograph that these coatings were not succesfull since they were fragile and cracked easily.
They then fell off the steel sample, therefore no SEM or EDS work was conducted, much less a solar
performance test.

Figure 3.5: Unsuccessfull PA coatings samples 1 & 2.

The second set of coatings was identified as PB. In this period five different steel samples were
coated, hence the identification PB1, PB2, PB3, PB4 and PB5 (shown in Figure 3.6). This trial of
coatings was compossed of a significant amount of trial and error tests. PB1 was the coating that was
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applied at a lower temperature (70°C), as mentioned in the section above and provided the same
agglomeration results, yet at a slower rate. Steel samples PB2-PB4 were coated for different times each;
PB2 for 30 minutes, PB3 for 60 minutes and PB4 for 90 minutes. During chracterization, it was
determined that the best and recommended coating time was 60 minutes since this time allowed for a
well developed structure. Therefore, a last coating was created, PB5, which served as the official coating
for treatment one.

Figure 3.6: PB coatings 1-5.

The third set of coating was identified as PC. This period of coating only contains one trial that
was coated for 60 minutes. The purpose of this coating was to attempt a greater dilution of the acid
solution (4:1, four parts water, one part solution). After this treatment, it was apparent that the reaction
was very slow and the coating was inadequate after one hour of reaction. From these results in
characterization, it was determined that the best dilution to apply was the (2:1, two parts water, one part
solution)ratio, as used in the PB series of experiments.
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The fourth and fifth sets of coatings were identified as PD and PE. Application times,
temperature, and dilution were the same (60 minutes at 90° C, using the 2:1 dilution of the stock
phosphoric acid manganese solution) for all of these trials. The difference between these trials was the
replacement of part of the manganese sulfate with the following; PD with zinc sulphate, and PE with
cupric sulfate. Two replicate steel samples were coated with each of these two treatments. Figures 3.73.9 show such coated samples.

Figure 3.7: Zinc-doped, PD coatings.

24

.
Figure 3.8: Copper-doped PE coatings.
3.5

SOLAR PERFORMANCE TEST METHOD
The solar performance test method was created by using Vantari’s design as basis. Materials

used for this testing method include foam, aluminum foil, type T thermocouples and an data acquisition
device. The foam is a polyisocyanurate foam, of the kind used for thermal insulation in homes. Two
layers of foam were used. The first layer provided insulation to the back side of the specimen and held
the samples. The second layer was placed on top; the top layer had holes or windows that allowed the
sunlight to come through and heat up the sample. However, this second (top) foam layer was covered
with aluminum foil to reflect the solar radiation that might heat up the foams. This was done to make
sure that the samples were being heated by the direct sunlight rather than by a heat transfer from the
foam to the sample.
The thermocouples were placed at the back (underside) of the samples for the solar absorbance
test. For good thermal contact with the steel, the thermocouples were glued to the back of the sample.
The thermocouples were glued by the use of a high temperature, hot-melt glue gun, and only a small
drop was placed to hold the thermocouple in place.
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In his work, Vantari tested one coated sample at a time, along with a reference uncoated sample
that served as a control. The dimensions of the foam board used were 5 x 3 x ¼ inches (length x width x
thickness), and two type K thermocouples were used to measure the solar absorbance of the samples.
The analog device used was an Omega HH12 two channel data acquisition device, from which the
temperature readings where recorded manually and later used for calculation and constructing graphs of
results. Two people participated in the experiment, one person switching channels and calling time at
regular intervals, and the other person reading and writing down the temperature data.
In this research, Vantari’s testing method was improved by obtaining a data acquisition device
that could test up to eight samples at a time, with eight type T thermocouples in the device. This device
is an Omega PT-104A data aquisition module with eight channels. Therefore, six coated samples were
tested at a time and two uncoated steel specimens served as reference points (controls). The new data
acquisition device is operated by a computer logging software program (TC-08), that came with the
device. With this software program, settings could be applied for the desired duration of testing, as well
as the frequency of the readings to be recorded. In these experiments, the temperature of each of the
eight specimens was recorded once per second. The system is capable of a temperature measurement
accuracy of ±0.02°C. By using such method of obtaining data through a digital data acquisition system,
this thesis work contains more accurate readings as opposed to the errors and or approximations that
were obtained by Vantari’s method of recording the temperatures manually. Another advantage is that
six coatings can be compared in a single solar-heating experiment.
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Figure 3.9: Vantari’s solar absorbance test set up and equipment used [8].
Along with the improvement of the data acquisition device, better foam test fixtures were
designed and machined. The new foam dimensions consisted of 12 x 8 x 0.63 inch (length x width x
thickness). This new design is capable of holding up to eight samples with a two inch distance between
them. The dimensions of each individual slots and cut through holes for the placing of the samples is 1 x
½ inch (length x width). The thermocouple used to read the solar heating rate of each sample was
connected to the back of the specimen. The recorded testng time for the solar performance test was 20
minutes.
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Figure 3.10: Vantari’s foam stage for solar testing.
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Figure 3.11: Improved solar test foam dimensions.

Figure 3.12: Improved foam stage for solar performance test (top view).

29

Figure 3.13: Improved foam stage for solar performance test (oblique view).
For convenient testing of the coatings for solar performance, we used a fixture or a solar test
stage that would hold the foam board, and one in which we could adjust the elevation angle, in order to
make sure that the sun was always directly hitting the samples at normal incidence. The stage that was
built is shown in figure 3.14. This is not a sun-tracking mechanism, but because the tests were of short
duration (twenty minutes) the deviation from normal incidence in the test was less than or equal to 5°,
and all eight specimens and controls experienced the same angular deviations.

Figure 3.14: Solar Test Stage
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In order to have accurate readings it is important to take into account what was discussed in the
complexities of solar absorbance test methods section of this thesis report,. The heating rates of
conduction of such solar absorbance tests are affected by the weather and ambient conditions at which
the test is conducted. Such conditions include the angle and distance at which the sunlight travels
through the atmosphere before it strikes the sample, the sky conditions, and ambient temperatures and
wind conditions which vary depending on the weather. In order to be consistent with the testing methods
and results, and compensate for these uncontrollable variations, these solar performance tests are based
on comparing coatings and control specimens exposed to the sun at the same time and under the same
conditions. Also, in order to make results as reproducible as possible, each test was conducted during
mid-day or early afternoon hours, on wind-free days with excellent visibility and no visible cloudiness
or haze, and in a courtyard sheltered from breezes on three sides. The final set up for the solar
absorbance test in shown in figure 3.15.

Figure 3:15: Complete Solar Test Setup
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Chapter 4: Coating Characterization

In this section of the thesis work and investigation, the data obtained during coating
characterization will be discussed. In order to obtain an analysis on the coating, different microstructural and micro-chemical characterization methods were used. The methods used include: scanning
electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), and x-ray diffraction (XRD).
Such characterization provided information of chemical composition, crystallographic and
microstructure analysis. All the data obtained throughout the explanation of this chapter will serve for
the discussions section in chapter 6, in order to determine the most efficient coating analyzed, and as the
basis for recommendations toward further research.
The photomicrographs of the structures taken by SEM show the surface of the samples, revealing
the general morphology of the coating applied to the steel; while the XRD analysis gives information of
the crystal structure of each coating. From the coatings described in chapter 3 of this report, the coatings
that will be discussed in this section are PB5, PC1, PD1 and PE1. All of these samples where coated for
a duration of 60 minutes, with the exception of the copper dopant coating (PE1), which was coated for
30 minutes.

4.1

SEM ANALYSIS

The

SEM

analysis

was

conducted

using

an

Hitachi

H11000

Scanning

Electron

Microscope_____, and all analysis of the coated samples was obtained using an acceleration voltage of
20kV. Magnifications used for all samples include 300x, 500x, 1000x and 2000x. Initially, an analysis
of the bare steel was conducted; figure 4.1 shows the images of such SEM scan. From the images, an unetched surface for the steel is displayed, in which a uniform pattern of scratches is evident. These
scratches are a result of the preparation the samples underwent before applying the coating, by grinding
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them up to a 400-grit paper. This grinding process of the samples was done in order to remove any rust
or contamination, to provide a consistent surface finish before coating, and to improve adhesion of the
coating to the steel.

Figure 4.1: Low Carbon 1018 Bare Steel. These surfaces have been prepared by grinding with 400 grit
abrasive paper, as were all specimens used for coatings or for bare-metal controls.

The second SEM analysis conducted was of the coating PB5. This coating is an undoped
manganese phosphate conversion coating applied with the diluted (2-1) solution from Vantari’s
research. The dilution 2-1 refers to a two parts water to one part of stock solution dilution. Vantari’s
phosphoric acid based coating SEM images (figure 4.2) revealed a coating structure that was a dense
array of needle-like crystals. Through analysis conducted by XRD, it was revealed that these crystals
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were phosphoferrite, a hydrated iron-manganese phosphate [8]. For these types of crystals and their
structures, Vantari concluded that even though this structure would be good for reducing reflection of
sunlight from the surface; this structure appears fragile and might not be resistant to wear [8].
The SEM images of coatings obtained from this research, attempting to replicate Vantari’s
diluted solution are shown in figure 4.3. As compared to his images, there are few needle-like structures
in the figure; however, it is mostly composed of plate-like crystal shapes.

Figure 4.2: Vantari’s SEM structure images of coatings produced using undoped Mn-bearing phosphoric
acid solution.
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Figure 4.3: SEM Images for PB5 Coating (produced using undoped Mn phosphoric solution at 2-1
Dilution)

The third analysis conducted was that of the PC1 coating. This coating is produced from
Vantari’s Mn phosphoric solution diluted 4-1 and applied to the bare steel. The dilution 4-1 refers to
four parts water, one part stock solution. Upon analysis under the SEM two different regions with
different structures were detected. The first set of images is shown in figure 4.4. In these images we see
a structure that seems as if part of the coating has been flaked off the steel. Upon visual inspection of the
sample after removing it from the SEM, a difference in layering in the coating was noticeable, as it
might have dried unevenly. The second area analyzed of this coating is shown in figure 4.5. This area
holds a structure that shows consistency with the PB5 coating structure. The structure also has the plate
like crystals, yet it had more of the needle-like crystals and a more defined structure.
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Figure 4.4: SEM Images for PC1 Coating (Mn 4-1 Dilution)
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Figure 4.5: SEM Images for PC1 Coating (undoped Mn 4-1 Dilution)

Continuing the SEM analysis, coating PD1 was viewed and revealed the structures shown in
figure 4.6. PD1 coatings contain a zinc dopant, because part of the manganese sulfate content of
Vantari’s original solution was replaced with zinc sulfate. From these images, we see a very different
structure as compared to the coating produced with the undoped manganese phosphoric acid solution.
First noted are the cracks within the structure and absence of platy or needle-like crystals shown. Rather
than crystals, we see a layered structure with smooth surfaces. At the higher magnifications, a few small
(< 1 μm), round or elongated particles are embedded in the smooth coating. These may be crystals.
However, most of the coating does not consist of crystals, and in the scanning electron microscope this
coating seems to be mostly amorphous.
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Figure 4.6: SEM Images of PD1 Coating (Zinc-Doped).

Finally, the last SEM analysis was conducted on the PE1 coating. This coating was applied using
a solution with partial manganese sulfate replacement with copper sulfate. The EDS results show that
the coating contains about 10.21 atomic percent copper dopant. In figure 4.7, again we see a very
different coating than Vantari’s original diluted solution. No clear layers are seen as in the zinc coating.
It was mentioned earlier that the copper-containing solution was only used for coating application for 30
minutes; the reason for this is that at the 30-minute mark, what can be described as a gelatinous
precipitate started forming, as similarly described in the A1 coating, therefore the sample had to be
retrieved from the solution and allowed to dry.
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From the images, we see structure, in which the grain size or crystal shape is not evident at low
magnification. However, the coating surface has an “earthy” or particulate appearance. Similarly to the
zinc-doped structure, we see cracks within the coating. Also,there are irregular-shaped gaps or
“windows” through the particulate coating. Within these windows, a smooth coating is visible which
lies under the particulate coating. At the highest magnification in Figure 4.7, one can see that the
particulate outer coating contains many nanoparticles less than 0.5 μm in diameter, with a matrix of
amorphous-looking material.

Figure 4.7: SEM Images of PE1 Coating (Copper-Doped)
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4.2

EDS ANALYSIS
Chemical characterization was conducted by the use of EDS analysis (energy-dispersive x-ray

spectrometry, carried out in the scanning electron microscope). This analysis gave data regarding the
chemical composition of the coatings, as well as the relative amount of each element present by percent.
The same coatings analyzed for the SEM and XRD were used for the EDS analysis discussion for this
section of the report. EDS analysis was conducted at 15kV. The elements that are expected in these
coatings include carbon, oxygen, phosphorous, sulfur, manganese, iron, copper and zinc.
The first EDS analysis is shown in figure 4.8, this is the chemical composition of the low carbon
1018 steel surface, without any coating application. The EDS graph shows a high peak and value for
iron (Fe) and oxygen, the other peaks and values are rather low, yet we expect these values to increase
with the application of the coatings.
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Figure 4.8: EDS of Bare Steel

The results shown on figure 4.9 are for the PB5 coating application. As expected, the values for
phosphorous and manganese increased, while the value for iron decreased. This initially confirms and
supports the findings of SEM that the coatings are present on the steel. As the coating solution was
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further diluted in the PC1 process, a slight decrease in the phosphorus and manganese concentrations is
seen. This is shown in figure 4.10.

Figure 4.9: EDS of PB5 Coating.
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Figure 4.10: EDS of PC1 Coating

The graphs and tables shown in figures 4.11 and 4.12 are the results for the PD1 and PE1
coatings respectively. For PD1, which is the coating with the zinc dopant, a zinc value of 2.01 atomic
percent zinc is present. For specimen PE1, which is the coating with the copper dopant, the value of
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copper is very high (10.21 atomic percent). Such value difference deserves attention as the copper
coating was applied for half the time than the zinc coating. PD1 was applied for 60 minutes and PE1 was
applied for 30 minutes.

Figure 4.11: EDS of PD1 Coating (Zinc-Doped)

14

Figure 4.12: EDS of PE1 Coating (Copper Doped)
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4.3

X-RAY DIFFRACTION (XRD) ANALYSIS
XRD Analysis was conducted in order to determine the crystal structure of the coatings and the

lattice parameters. This information is useful for the interpretation of the SEM and EDS work as
described in the section above. Initially, as in all the other analysis conducted, XRD was conducted on
the bare piece of 1018 steel, in order to serve as comparison to the coated samples.
In figure 4.13, the XRD analysis results for the 1018 uncoated steel sample are shown. The start
and stop angles for the XRD run were 15° and 120° respectively, with an increment of 0.05°, and a step
time of 105 seconds. Copper K-alpha radiation was used, and all diffraction runs were at room
temperature. With the information provided by this analysis, the peaks of the bare steel sample were
identified. These peaks were recorded to serve as a reference when the coated samples were analyzed.

Figure 4.13: XRD Analysis of 1018 uncoated steel sample.
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Following the XRD analysis of the uncoated sample, the copper-doped coated sample
(PE1) was analyzed. As the conventional XRD analysis was being conducted, the peaks obtained were
the same peaks obtained from the uncoated sample. Therefore, during the analysis of the PE1 coating,
the x-rays were penetrating through the coating and providing peaks from the substrate rather than the
coating. For this reason, it was opted to analyze the PE1 coating using the Grazing Incidence X-Ray
Diffraction (GI-XRD) technique. By using GI-XRD, the x-ray penetration is not as intense as in
conventional XRD, because in GI-XRD the incident x-rays always enter the coating at a near-zero angle
to the surface of the substrate. The specimen does not rotate; the only motion is that the detector
revolves through angle 2θ.

Therefore, if the substrate has a thin coating, the resulting peaks will be

from the coating instead of the substrate. Figure 4.14 shows the peaks obtained during the GI-XRD
analysis. The start and stop angles for the GI-XRD run were 15° and 70° respectively, with an increment
of 0.05°, and a step time of 1.8 seconds.
The PE1 coating GI-XRD analysis gave a single high intensity peak that was identified as a
copper metal peak, lying at 2θ = 43.6°, which corresponds to a crystal plane spacing of 2.07 Å. This
peak is an exact match to the (111) reflection of pure copper (which is at 43.6°). Although it is close to
one of the peaks from the metal substrate (44.8°), the XRD pattern clearly shows that the peak is more
than a degree away from the steel substrate peak . Also, the peak does not match any intense reflection
of Cu2O, CuO, or any phosphate compound that might form. The XRD evidence indicates that the PE1
coating contains some crystals of metallic copper.
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Figure 4.14: GI-XRD Analysis of Coated 1018 Steel Sample (Copper Doped).

Chapter 5: Solar Performance Test

For the analysis of the solar heating performance, a solar test was performed as it was described
in chapter 3. This test enabled the development of tables and graphs that provide information of heating
performance ratios and temperature absorbance values. The solar performance test, as explained, was
conducted by the use of a data acquisition device and type-t thermocouples. The thermocouples as
described in chapter 3, were glued to the back part of the substrate, opposed to the side that was used for
the solar absorbance. This test also served as a comparison of solar absorbance between coated sample
performances versus a bare piece of steel. All solar test results are discussed in this chapter.
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As explained in chapter two of this report, there are complexities that come with testing for solar
absorbance. For this reason the test was performed at two different times during the day when the
sunlight was bright. The time of day for test one was at 1:30 pm while test two was conducted at 4:30
pm. By the stage that was built discussed in chapter 3, the foam containing the samples was placed in an
angle with the sun, so that the coatings were pointed directly at the sun for the duration of the test.
Having a gap in time for the two different tests served to allow the samples to cool down and be
retested. An improvement also mentioned to Vantari’s work, is the software used for the tests that
records the values for each coating, temperature with respect to time. The software allows to be
managed in a way that the recording frequency and duration of the test can be selected before each test.
The data acquisition software program was set to record temperatures every second and the duration of
the test was assigned to be for 20 minutes, an increase of five minutes from Vantari’s work. Upon
completion of the tests, the data values used to analyze results with the frequency of every minute.
Initially each coating started at its own temperature with in the range of 26.5℃-28℃ as shown in
figure 5.1. The uncoated reference samples had the higher temperatures and PD1 coating (zinc) coating
followed below very closely. From the other three remaining coatings (PB5, PC1, PE1), PE1 initially
held the lowest temperature. As time progressed, the control samples heated up at a lower rate, while
the coated samples increased in their solar absorbance. In figure 5.2, we see this change and also the
considerably increase of the PE1 coating surpassing all other samples with the exception of PD1.
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Figure 5.1: Initial temperature readings.
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Figure 5.2: Change in temperatures for all coated samples.
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The slopes of the curves in figure 5.3 shows the higher solar absorbance of all coated samples,
with comparison to the two reference points. We see the two reference points holding very close
temperatures towards the bottom of the graph, while also noting the improvements in solar absorbance
made by addition of the zinc and copper dopants to Vantari’s initial solution. In figure 5.4, the final
graph for the duration of 20 minutes is shown. From this graph it is evident that the coating with the
higher solar absorbance temperature is copper, followed by zinc. There results show that the
modification of Vantari’s coatings by the addition of dopants, was a success. Such information however,
will be proved with the solar absorbance ratios calculated in chapter 6.
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Figure 5.3: Solar absorbance ratio of coated samples higher than uncoated samples.

30

Sec

30

0

200

0

400

600

21

800

1000

200
400 Documents\RSCH 600
C:\Documents
and Settings\arrowood\My
Flor Gallegos\trial2.plw 800
6/20/2004 02:16:41

1200

1000

1200

Logging for Windows / R5.21.5 / TC-08 Software / Customer Service: 1-800-622-2378/1-800-622-BEST® / www.omega.com

C:\Documents and Settings\arrowood\My Documents\RSCH Flor Gallegos\trial2.plw 6/20/2004 02:16:41
Logging for Windows / R5.21.5 / TC-08 Software / Customer Service: 1-800-622-2378/1-800-622-BEST® / www.omega.com

Se

Sec

test
22test 22
test 2test
2
testtest

°C

°C
°C
1 2Channel
2 22
Channel
Channel
7 Channel
°C
Channel
1
Channel
Channel
32Channel
Channel
6 Channel
77 Channel
1Channel
Channel
Channel
3 3 Channel
Channel
Channel
7 8 8 Channel
°C℃Channel
Channel
6 6
7 8Channel
Channel
1 1 Channel
Channel
6 6Channel
Channel
Channel
Control
PB5
PC1
Control
PE1
PD1
Channel
1 Channel
2Channel
333Channel
Channel
6 Channel
7Channel
Channel8Ch
8

60

60

60

50

60

60

50

50

50

50

40

40

40

40

30

Figure 5.4: Final solar absorbance test results for test conducted at 1:30 pm.
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Figure 5.5: Solar absorbance test results for test conducted at 4:30 pm.
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Chapter 6: Discussion & Analysis
In order to be able to provide a conclusion to the work performed in this thesis research, it is
necessary to find a correlation between all the analysis and test conducted. This is done by the
comparison between SEM, EDS and XRD, and by conducting calculations from the solar absorbance
test. In this chapter of the thesis work and investigation, all the data obtained from the analysis as well as
the data obtained from the tests will be discussed.

6.1

SOLAR PERFORMANCE RATIO CALCULATIONS
From the solar performance test, it was reported in the temperature vs time graphs in chapter 5,

that the coating with the higher performance was the PE1 copper doped coating. However calculations
to determine the solar performance ratios are necessary and discussed in this section. These ratios give a
quantitative comparison of the rate at which the coated substrate absorbs heat and increases in
temperature, as compared to the bare steel substrate. The equations used to calculate the solar
performance ratio in this thesis workfare found in the work of Vantari [8]. These equations are presented
in equations 1.1-1.3; where 𝑞! is the heating rate of the coated sample between the desired temperature
range, 𝑞! is the heating rate of the uncoated (reference) sample, t is time, T is temperature and R is the
solar performance ratio value. From figure 5.4, the desired temperature range selected to conduct these
calculations is the initial slope of the curves where it is steeper; this range is between to temperatures
30°C and 40°C.

𝑞! =
𝑞! =

R=

(!!   !  !! )
(!! !  !  !!! )
(!!   !  !! )
(!!!   !  !!! )

(!!   !  !! )

Equation 1.1

(!!!   !  !! !)
(!!   !  !! )

Equation 1.2

(!!!   !  !!! )

R=
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(!!!   !  !!! )
(!!!   !  !!! )

Equation 1.3

In equations 1.1 to 1.3, tc2 refers to the time at which the coated specimen reached temperature
T2; tc1 is the time at which the coated specimen reached temperature T1; tr2 is the time at which the
reference (uncoated) specimen reached temperature T2, etc. When conducting the solar absorbance test,
the software that is used to operate the data acquisition device provides results on the form of graphs, as
presented in chapter 5, and in a spreadsheet, with the corresponding values for every second the
temperature was recorded. Example values for 𝑡!   and 𝑡! were obtained from this spreadsheet and are
shown in table 1.1. Using equation 1.3 and the values in table 1.1, the solar performance ratios for the
coated samples were calculated and reported in table 1.2. These values show that in comparison to the
bare steel sample, the un-doped PB5 coating absorbed heat 56% more rapidly, while the zinc-doped PD1
sample absorbed heat 70% more rapidly and the copper-doped sample absorbed heat 83% faster than the
bare steel.

Sample	
  

Tc1(30°C)	
  in	
  
mins	
  

Tc2(40°C)	
  in	
  
mins	
  

PB5	
  

1.01	
  

4.36	
  

PD1	
  

0.80	
  

3.87	
  

PE1	
  

0.93	
  

3.78	
  

	
  

	
   mins	
  
Tr1(30°C)	
  

	
   mins	
  
Tr2(40°C)	
  

0.93	
  

6.15	
  

	
  
Uncoated	
  
Reference	
  

Table 1.1: Values used for calculations.

Sample	
  

Solar	
  Performance	
  Ratio	
  

PB5	
  

1.56	
  

PD1	
  

1.70	
  

PE1	
  

1.83	
  

Table 1.2: The solar performance ratios of three coated samples.
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6.2

DISCUSSION OF THE COATING S
The results discussed in chapters 4 and 5 provide information to make conclusions for the PB5,

PD1 and PE1 coatings. The undoped coating (PB5) produced similar results as those presented in
Vantari’s work, but the structure of the coating was not the same. . The performance ratio for the
undoped coating in this work was 1.56, which is comparable to 1.31 in Vantari’s report. However, Xray diffraction and EDS chemical analysis showed that the plate-like crystals of the PB5 coating were
hureaulite, different from the hexagonal rod-shaped crystals of phosphoferrite reported by Vantari. It is
not obvious why the coatings were different, but probably there was some slight difference in the
coating process between the two studies.
The zinc doped coating, from the analysis of the results shown in the mentioned chapters provide
that a phosphate coating with similar composition (but containing almost five mass percent zinc) was
achieved. However, the zinc-doped coating had a non-crystalline appearance in the SEM, and x-ray
diffraction analysis did not yield any peaks. These facts give reason to believe that another phase
formed instead of hureaulite crystals. The zinc-doped coating appears to consist of an amorphous
phosphate containing a large amount of iron and smaller amounts of manganese and zinc.. Further work
on the zinc doped coating is suggested.
The copper doped coating, however, shows the production of an apparently amorphous
phosphate coating, plus the addition of deposited metallic copper. From the result obtained in the
calculations of the solar performance ratio, in the section above, it was determines that the coating with
the highest heat absorbance was PE1. For this reason, more in depth discussion of the copper doped
coating and analysis results in conducted in the following section.
6.3

DISCUSSION OF THE COPPER-DOPED COATING
The copper doped coating, from the results in the solar test and the calculated solar performance

ratios, shows to be the coating with the highest solar heating rate and as such, the most promising
coating for solar absorbance in this thesis work. However, an analysis of the results obtained from
SEM, EDS and XRD needed to be made in order to provide an explanation as to why this coating was
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more successful. When running the XRD analysis on the copper doped and coated sample PE1, a peak
was obtained that was identified as a copper metal peak (figure 4.14). further analysis was necessary in
order to confirm that the peak found during XRD was in fact a copper metal peak. Note that EDS
analysis showed this coating contained 10.21 atomic percent copper. The XRD shows that the copper is
present in the form of metal, not oxide.
No other diffraction peaks are visible in the x-ray diffraction patterns of the copper-doped
coating. The lack of other peaks indicates that the copper phase is the only crystalline phase present.
In the SEM pictures, there are nanoparticles embedded in a smooth, amorphous looking matrix. These
particles are probably copper crystals.
To verify that the copper was present as a separate, elemental phase, a mass balance analysis was
done by the use of the EDS data that was obtained from that same coated sample. The process by which
the solution was coated to the steel was by what is known as conversion coating. In this type of process
a coating is created on the metal substrate by the reaction of that metal’s surface with a chemical. In
such process, as the steel corrodes, ferrous ions go into solution in the liquid. It combines with
phosphoric acid and manganous ions from the solution to form a solid precipitate on the steel surface.
Under these conditions, phosphorus is expected to retain the +5 valence, and iron and manganese would
be in the +2 state. The question is whether copper in the coating will be present as ions (Cu2+ or Cu+), or
as atoms of metallic copper (Cu0). The cations will need oxygen anions to balance their charge. So, if
the copper is in the form of ions, there should be some “extra” oxygen, more than what is needed to
balance the P, Fe, and Mn cations. In this case it is possible to analyze the coating as a combination of
manganese oxide (MnO), an iron oxide (FeO) and a phosphorous oxide (𝑃!   𝑂! ) , even though these three
oxides are combined in a solid solution. Considering the data values from EDS, an oxygen value was
calculated to possibly match the one obtained in the PE1 coating analysis. This value was calculated by
multiplying the element values for P, Fe, and Mn by the amount of oxygen needed for each of those
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elements, the values are shown in table 1.3. By the addition of the expected oxygen values from all the
elements excluding copper, an expected oxygen content of 41.46 atomic percent is obtained; this result
corresponds very well to the value detected by EDS, which was 41.3 percent. In the last two rows of
table 1.3, the calculation is performed with the assumption that the copper also is in ionic form, and
requires oxygen to balance its charge. In that case, the oxygen content of the coating should be 51.83
percent, much higher than the measured value. Therefore, the conclusion that copper is present as
elemental copper is reinforced.

Element	
  
EDS	
  Value	
  (atomic	
  
percent)	
  
If	
  present	
  as:	
  
Would	
  require	
  
oxygen	
  at.	
  %:	
  
If	
  present	
  as:	
  	
  
Would	
  require	
  
oxygen	
  at.	
  %:	
  

O	
  

P	
  

Mn	
  

Fe	
  

Cu	
  

Total	
  Oxygen	
  
Required	
  to	
  
Oxidize	
  P	
  and	
  
Metals	
  

41.3	
  

9.34	
  

1.26	
  

17.00	
  

10.21	
  

	
  

P2O5	
  

MnO	
  

FeO	
  

Cu	
  

23.35	
  

1.26	
  

17.00	
  

	
  
41.61	
  

P2O5	
  

MnO	
  

23.35	
  

1.26	
  

	
  
	
  
	
  
	
  

=	
  23.35	
  +	
  1.26	
  +	
  17.00	
  

FeO	
  

	
  
CuO	
  

17.00	
  

10.21	
  

=23.35	
  +	
  1.26	
  +	
  17.00	
  +	
  
10.21	
  
	
  

	
  
51.83	
  

	
  
	
  

	
  

	
  
	
  
	
  
Table 1.3: Oxides values.

	
  

The information presented above, proved the existence of the copper metal in the coated sample,
however, the substrate does not only contain copper but also other elements that make it a solar absorber
coating as shown from the results in chapter 5 and 6. It is known that when an iron substrate is placed
into a copper sulfate solution, the iron substrate will be coated by copper substrate by the process of
cementation, in which noble ions (copper) are reduced to zero valence at a solid metallic interface where
a more active element (iron) is oxidizing. In the reaction between copper and iron we can split the
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cementation process into equation 1.4 (iron corrosion); and copper reacting with the electrons from the
iron, chemically becomes equation 1.5. Meaning that by the process of cementation, the iron corrodes at
the anodic areas and copper plates out at the cathodic areas.

𝐹𝑒 à 𝐹𝑒 !! + 2𝑒 !

Equation 1.4

𝐶𝑢!! + 2𝑒 !   à   𝐶𝑢

Equation 1.5

Before the copper-doped coating experiment, it seemed likely that copper would immediately coat the
steel surface, to prevent the formation of a phosphate coating. However, the experiment showed that the
copper deposits as particles in a phosphate matrix.

6.4

SOLAR COATING APPLICATION TO DEVELOPING COUNTRIES
From the results shown and the testing methods described it can be concluded that this project

could be used in developing countries. Reasons behind this conclusion include the simple method of
coating and testing described in chapter 3. The materials used for the solar test are widely available and
can be found at low prices. One of the most expensive purchases needed would be the use of a computer
to conduct the solar test, by the use of the software necessary to operate the data acquisition device. The
other materials and equipment used to conduct the immersion coating method are also rather
inexpensive and widely available.
It is important to also state that the materials used for the creation of the coatings, to include
nitric and phosphoric acids, manganese sulfate, copper sulfate and zinc sulfate are all low hazard
chemicals. The two acids may not be available from local producers, but the metal sulfates could be
produced by simple leaching operations from local ores or material recycling. This means that the
coating method is not as hazardous in comparison to some coating methods already available, and
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therefore a less elaborate lab setting and machinery is acceptable to use. Also, not much training is
required. Therefore people in less developed countries, who may have a low education level or no
formal education at all in some cases, could easily learn to replicate the preparation and testing of these
coatings.
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Chapter 7: Conclusions
This thesis work showed that it is possible to enhance the original phosphoric acid based coating
studied by Vantari. It also provesthat even in modifying the coating composition, it is still possible to
apply the solar absorber coatings to the steel substrates by a simple immersion process. This process is
conducted by coating the substrate in a hot phosphoric acid solution. From the results shown in chapters
4 and 5 as well as the discussion presented in chapter 6, it is evident that the copper-doped coating
proved to provide the highest solar performance and a better heat up rate .
Also from the preparation of the coatings and the testing methods discussed in chapter 3, it is
evident that the method discussed in this thesis is rather simple. The simplicity of the methods allows for
this work to be used in developing countries or in small businesses everywhere. The chemicals used are
only moderately hazardous, and they are not very expensive. Organizations such as the Barefoot
College in India (discussed in chapter 2) do not currently report the production of solar absorber
coatings. In a rural village setting, where most people do not have access to education in chemistry, the
coating process described in this thesis may not be appropriate for local use.

However, this process

could perhaps be used by small businesses in nearby towns or cities, so that rural villagers could use
low-cost coated steel when they assemble solar thermal equipment.

From the literature review

conducted in this thesis, it is shown that simple solar thermal technology is capable of being used in
developing countries; and as such these types of organizations could, potentially, use the coating and
testing method presented. However, further research is necessary and suggested in order to determine if
the coatings presented are commercially viable.
In order to operate profitable businesses using this method, further research will be needed.
Based on further experiments, the temperature used, the coating time, and the chemical composition of
the solution should be adjusted to reach a final optimum process. Other considerations and further
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research in the coatings presented should include a durability analysis to determine how the coatings
would respond to abrasion, weathering and corrosion. Also, a cost analysis should be conducted in order
to determine which coating holds the best solar performance at a lower cost in the economic
environment of each particular region or country.
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